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Abstract-Coating Ti-based implants with bioactive materials, able to form hydroxyapatite layers in viva, 
facilitates joining between the prostheses and bone and increases the long-term stability of the implants. 
The present work describes a new route to coat Ti alloys with bioactive silica-based glasses. A new family 
of potentially bioactive glasses that display good physical compatibility with Ti has been developed. In 
order to fabricate dense coatings, glass powder has been painted over the metal substrates and the assem- 
blies have been fired to make the glass flow and adhere to the metal. The reactions that occur between the 
glass and the metal during this process have been studied by thin film X-ray diffraction and electron 
microprobe. By tailoring the glass composition and controlling the firing conditions (atmosphere, tempera- 
ture and time) homogeneous coatings with good adhesion to the metal have been prepared. The physical 
characteristics of the glasses and their behavior in simulated body fluid are also reported. 0 I998 Acta 
Metallurgica Inc. 

1. INTRODUCTION 

Due to their biocompatibility and mechanical prop- 
erties, Ti and Ti-based alloys are widely used in the 
fabrication of prosthetic implants. The lives of Ti- 
based prostheses are, in many cases, limited by 
their inadequate adhesion to bone. In order to 
improve adhesion, the implants are often coated 
with a layer of hydroxyapatite (HA). Synthetic HA, 
Ca10(P04)6(OH)2r is bioactive [1,2] and similar in 
structure and composition to the mineral com- 
ponent of vertebrae hard tissue. High-resolution mi- 
croscopy studies have shown that it can attach 
epitaxially to bone [3]. 

The most commonly used techniques to fabricate 
HA coatings are plasma spraying and ion sputter- 
ing. Plasma spraying produces porous coatings with 
thickness ranging from 50 to 200 pm. However, HA 
changes in chemical composition and structure 
during the plasma processes [4-71 and the final 
layer does not adhere well to the metal [8]. Ion 
sputtering produces very thin (1 pm) and dense HA 
layers in which the lack of open porosity hinders 
the desired osseointegration. Both techniques are 
“line of sight” methods, and thus, they are not suit- 
able for coating complicated shapes. 

The objective of this work is to develop a method 
to produce bioactive (able to form HA layers in 
vivo [9]) coatings on Ti-based materials in order to 
improve their adhesion to bone. A simple enameling 
technique is used to coat Ti and Ti-based alloys 
with bioactive or biocompatible glasses. This 
method is useful for glazing complicated shapes 
with layers of controlled thickness. The glasses can 
be used alone or mixed with HA. The main tasks 
are to develop bioactive glasses that have good 
physical compatibility with Ti and to design a firing 
schedule in which detrimental reactions are con- 

trolled. The final result should be a bioactive coat- 
ing that presents good adhesion to the metal. 

2. EXPERIMENTAL 

Three glasses from the Si02-Na20-K20-CaO- 
MgO-P205 system were prepared starting from 
silica powder (99.9%) and reagent grade CaC03, 
NaP03, Na2C03, K&03 and MgO. The compo- 
sitions, presented in Table 1, were derived from 
Bioglassn (originally developed by Hench [9]) by 
increasing the Si02 content and partially substitut- 
ing KzO for NazO and MgO for CaO. The objec- 
tive was to reduce the coefficient of thermal 
expansion (E) of Bioglass (14 x 10-6/“C) [lo] and 
make it compatible with that of Ti (9.4 x 10W6/“C, 
at 400°C). In order to assess the effects of titania 

dissolution on bpnding and bioactivity, a small 
quantity of TiOz was added in composition A-6. 
For comparative purposes, Bioglass@ was also pre- 
pared and included in the in vitro and coating ex- 

periments. 
The glasses were synthesized by mixing the ingre- 

dients in isopropyl alcohol using a high-speed stir- 

rer. After drying (1 lO”C, 48 h), the powder mixture 
was fired in a Pt crucible for 4 h at 1400°C. The 
melt was cast into a graphite mold to obtain large 
pieces for property evaluation or quenched in a 
water bath to fracture into small pieces. Thermal 
and mechanical properties of the glasses were 
measured by dilatometry and indentation tech- 
niques, respectively. 

Behavior of the glasses in body fluid was studied 
by in vitro tests. Glass plates (10 x 10 x 1 mm) and 
powders (average particle size -10 pm) were soaked 
in simulated body fluid (SBF) [ll] at a constant 
temperature of 36S”C for times varying up to 
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Designation SiOz 

Bioglass’hi 45.0 
A-3 54.5 
A-5 56.5 
A-6 54.8 

Table 1. Glass compositions (in wt%) 

Na20 GO cao MgO P&5 Ti02 

24.5 24.5 6.0 
12.0 4.0 15.0 8.5 6.0 
11.0 3.0 15.0 8.5 6.0 
10.7 2.9 14.6 8.2 5.8 3.0 

50 days. For all samples, the pH was monitored as 

a function of time. For the powder specimens, the 
pH at the glass-SBF interface was measured using 

two identical ion sensitive field effect transistors 
(ISFET). The pair of ISFETs were arranged in a 
differential measurement set-up described 

elsewhere [12,13]. The ISFET sensitive membrane 

consisted of a 100 @rn thick layer of Si3N4 over a 
78 nm thick layer of SiO*. The sensitive area of 
each chemical sensor is 400 x 200 pm2 and the size 

of the whole chip was 2.4 x 1.35 mm. 
After soaking, the plates were analyzed by thin 

film X-ray diffraction (TF-XRD) and scanning elec- 
tron microscopy (SEM). Elemental analysis was 
performed both by energy dispersive (EDS) and 

wavelength dispersive (WDS) methods. 

To produce the glass coatings, glass powder with 
particle size < 50 pm was first obtained by milling 
in a planetary mill with agate balls. A suspension of 

the powder in isopropanol was then deposited over 
Ti and Ti-6Al-4V plates (99.0% purity, 

10 x 10 x 1 mm), which had been previously 

polished with 1 pm diamond and cleaned in acetone 
and ethanol. The samples were then fired in a 
Unitek dental furnace by preheating to 600°C in air 
followed by simultaneously evacuating the oven to 
1.3 x lo5 Pa and heating (heating rate, 40”C/min) to 

the desired temperature (between 700 to 1000°C). 

Once the temperature was reached, the vacuum was 
released by the furnace. The final coating thickness 

ranged between 25 and 150 pm. 
Polished cross-sections were examined by 

reflected light optical microscopy and SEM with as- 
sociated EDS and WDS. Interfacial reactions and 

diffusion were studied by electron microprobe ana- 
lyses (EPMA) of the cross-sections. Reactivity was 

also studied by TF-XRD. Thin, Ti foils (0.08 mm) 
were coated, fired, and then bent in order to remove 
the glass layer. TF-XRD was performed on both 
the substrate and glass sides of the interface. The 
samples were also analyzed by SEM-EDS. 

In order to reveal the relative crack resistance 
and weak fracture path, the adherence of the coat- 
ings was qualitatively evaluated by indentation. 
Vickers indentation at the glass/metal interface was 

performed on polished cross-sections using OS- 
2.2 kg loads in ambient air. 

3. RESULTS AND DISCUSSION 

3.1. Glass properties 

The bulk properties of the glasses are presented 
in Table 2. As expected, increases in SiOz. and MgO 
content of the glasses decrease the thermal expan- 
sion coefficients and increase the softening points. 

Figure 1 shows pH evolution of SBF during the 
in vitro tests. For all glasses, a rapid increase in pH 
at the glass-liquid interface is observed. The pH of 
the interface reaches values 29 in less than 1 min. 
Evolution of the pH in the solution is slower, 
remaining < 9 for times up to 7 days. 

During soaking in SBF, a HA layer forms on the 
surface of the Ti02 free glasses (Fig. 2). It is 
observed that HA forms faster on the Bioglass@ 
surface than on the new compositions. In vivo tests 
have also shown that the A-3 glass is bioactive [14]. 
Kokubo [15] reported that the compositional and 
structural characteristics of the HA formed on the 
surface of a bioactive glass are common to those of 
human bone HA. It is thus expected that a strong 
bond will form between the newly formed HA and 
bone. 

Glasses with lower SiOZ content have a more 
open network structure, which enables a faster pro- 
ton-alkali exchange and a higher pH increase. 
According to the solubility diagram for Ca phos- 
phate minerals proposed by Limsay and Ulek [16], 
pH values greater than 9 are required for HA pre- 
cipitation. The HPO-’ concentration in SBF is 
lop3 M, and consequently, the mechanism of HA 
formation on the surfaces of the A-3 and A-5 

glasses seems to be that proposed by Aza ef al. [13]. 
That is, an increase of pH at the glass-SBF inter- 
face occurs due to ionic exchange of H30+ from 
the SBF for soluble cations in the glass such as 
Na+, K’, Cat’, etc. This exchange leaves a silica- 
rich hydrogel layer on the glass prior to the for- 
mation of HA. At this high pH, part of the silica 
hydrogel is dissolved in the SBF and, subsequently, 
HA precipitates on the surface. 

Table 2. Glass properties 

Designation Softening point (“C) CTE ( 10-6/“C) Vickers hardness H, (GPa) 

BioglassaL8 555 14 - 

A-3 575 11.6 3.5-4.0 
A-5 637 8.5 3.2-3.9 
A-6 615 _ _ 
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Fig. 1. SEM micrograph of the HA crystals formed on the surface of an A-5 glass plate after soaking 
50 days in SBF. 

However, despite a pH evolution similar to that 
of glass A-5, the TiOz-containing glass (A-6) does 
not form HA even after soaking for 50 days. This 

agrees with the results reported by Gross and 
Strum [17,18] about the effect of polyvalent cations 
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Fig. 2. pH evolution of SBF after immersion of 3 g of 
glass powder in 20 ml of fluid. The pH was measured at 
the glass-SBF interface (a) and in the liquid far away 

from the interface (b). 

dissolution on bioactivity. EDS analysis reveals a 
high Ti concentration on the A-6 glass surface after 
the test. Hench attributed the destructive effect of 
polyvalent cations on bone bonding to the precipi- 
tation of these cations as oxides, hydroxides or 
carbonates [19]. This could be the reason for the 
large Ti concentration detected on the surface of 
the A-6 glass. Nevertheless, even if not directly 
bioactive, this glass is still a candidate for compo- 
site or layered HA-glass coatings. 

3.2. Coating fabrication 

Firing temperature and time greatly affect the 
stability of the coatings prepared using the new 
glasses. At temperatures <75O”C, porous layers 
form with poor adhesion to the metal. 
Temperatures higher than 850°C and times longer 
than 1 min result in dewetting and/or reaction with 
the formation of bubbles. Excellent adhesion is only 
obtained after firings at 800 5 T < 850°C for 
periods of time < 1 min (Fig. 3). In this case, a 
qualitative assessment of the interfacial strength by 

indentation shows no interfacial fracture; cracks do 
not propagate along the interface but instead tend 
to be driven into the glass (Fig. 4). The addition of 
small amounts of TiOz (A-6 glass) slightly broadens 
the time-temperature range appropriate to achieve 
a good bond (Fig. 5). Experiments performed at 
heating rates slower than 40”C/min resulted in 
excessive oxidation of the metal before the glass 
melts. No significant differences in adhesion are 
found between Ti and Ti-6Al-4V substrates. 
Experiments performed with Bioglass@ are unsuc- 
cessful due to the fast crystallization rate of the 
glass that leads to very porous coatings, which are 
not bonded to the metal (Fig. 6). 

Electron microprobe analysis of the samples with 
optimum adhesion did not show any appreciable 
change in the composition of the glasses after firing. 
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Fig. 3. Cross-section of an A-6 coating on Ti-6Al-4V fired 1 min at 850°C. 

In these cases EPMA did not detect any reaction 

products at the interface (Fig. 7). TF-XRD of the 

interface showed the presence of a TiO, layer on 

substrates fired at temperatures below the glass soft- 

ening point. It also detects a TisSis layer attached 

to the metal (Fig. 8) in coatings fired at T> 850°C 

for times bigger than 1 min. 

Figure 9 shows a SEM image of the substrate 

surface after removing an A-6 coating fired at 
850°C for 1 min. Small pieces of glass still bonded 

Fig. 4. Optical micrograph of a cross-section of A-6 coat- 
ing on Ti (fired 1 min at 850°C) after interfacial indenta- 
tion (2.2 kg load, 15 s). The indentation cracks run away 

from the interface into the glass. 

to the metal are observed. EDS analysis on the sur- 
face shows only the Ti and Si peaks corresponding 
to the titanium silicide detected by XRD. The sili- 
tide layer must be very thin since it is not detected 

by EPMA on the cross-section. Some areas where 
the silicide has been removed with the glass are 
observed; EDS analysis of these areas detects only 
Ti. 

Several reactions occur during firing. First, while 
heating, gas easily diffuses through the porous 
deposited layer and a thin oxide skin forms on the 
surface of the metal. At temperatures higher than 

the softening point, the glass layer sinters and 
flows. The inner glass/metal interface becomes 
sealed from the external atmosphere, and the glass 
dissolves the TiO, layer and starts to react with the 
substrate. The formation of silicides observed by 
TF-XRD occurs according to the reaction: 

: 0 0 
900 

E$m&e 

5 0 W Dewetting 

A-5 A-6 

A A Good 
adhesion 

0 1 2 3 4 

time (min) 

Fig. 5. Effect of firing temperature and time on coating 
quality for glasses A-5 and A-6. 
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Fig. 6. Optical micrograph of a cross-section of a Biogla& coating on Ti fired at 900°C for 1 min. 
Extensive porosity and lack of adhesion are visible. 

5Ti + 3SiO2( glass)-+Ti$i~ + 302( g] (1) 

Concurrently, at the periphery of the coating, the 

equilibrium reaction at the furnace P(OZ) takes 
place and the metal oxidizes to form TiOz. In a pre- 

vious paper the presence of an oxide layer at the 
coating periphery growing inward through the triple 

junction into the glass/metal interface has been 
shown. The finite angle of the glass over this layer 

is responsible for the dewetting observed at longer 

firing times. 

Excessive reaction and formation of silicides is 
undesirable; silicides are usually brittle, have higher 
thermal expansion than Ti (ari,si,= 11 x lO@/“C), 

and result in bubble formation due to the liberation 

of oxygen gas during the reaction. On the other 

hand, the formation of a thick oxide layer at the 
interface results in weak bonding due to the poros- 

ity of the oxide and its physical incompatibility 
with the metal. 

The best coatings fabricated with the new glasses 
have been impossible to remove from the metal. 

Even after repeated bending of the substrate, a thin 
glass layer remains attached to the metal. In these 
cases, our analytical techniques have failed to 
clearly identify any interfacial products. 

Due to the glass dissolution to form HA, a mini- 
mum coating thickness is required to preserve its 

stability in body fluids. Coatings with thickness up 

to 150 pm without crazing have been prepared 
using A-5 and A-6 glasses. However, Fig. 10 shows 
cracking after cooling a 100 pm A-3 glass coating 
on Ti-6Al-4V. The cracks are due to the thermal 
stresses resulting from the thermal expansion differ- 

ence between the glass and metal. Cracks do not 
appear in thinner coatings (-25 pm). The maximum 
possible thickness without cracking is given by the 

thermal expansion mismatch. For example, for simi- 

lar geometries and firing temperatures, the relation 

between thermal stresses in the A-3 and A-5 glasses 
is: 

EA-3 
-z 

aA- - ET; 
>4 

CIA-5 MA-5 - ET; 
(2) 

Consequently, it is possible to fabricate thicker 

glazes without cracking using the A-5 glass. In gen- 

eral, SiOz-rich glasses show lower bioactivity, but 

their lower CI (closer to Ti) allows the fabrication of 
thicker coatings. 

In summary, the appropriate range of firing tem- 

peratures is delimited by the glass softening and vis- 

cosity on one side and by the glass/metal reactivity 

on the other. To achieve a good bond, it is necess- 

ary to control reactivity such that only very thin 

interfacial layers are present at the end of the pro- 
cess, thus avoiding formation of bubbles or thick, 

brittle layers. Our tests have shown that control of 
the furnace atmosphere is critical in the process; 

previous experiments performed in argon resulted 

in uncontrolled reactivity and no adhesion [21]. The 

addition of small amounts of titania to the glass 
(A-6 glass) reduces the dissolution rate of the oxide 

formed during heating, makes the reactivity more 

controllable, and broadens the time-temperature 

range appropriate to achieve a good bond. When 

using HA-glass mixtures, reactivity between the 

glass and HA is another factor to consider; in this 
regard, the limited reactivity between the A-3 glass 
and HA has been previously reported [20]. 

The optimum glass composition must be formu- 

lated such that bioactive coatings with the required 
thickness can be prepared. Using the glasses devel- 

oped in this work, it has been possible to fabricate 
coatings up to 150 pm thick with potentially bioac- 
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Fig. 7. SEM and associated EPMA of a cross-section of A-5 coating on Ti (fired 1 min/800”C). No 
interdiffusion or interracial products can be detected. 

tive compositions (glass A-5). The in vitro behavior resulting from the high thermal stresses due to its 

of glass coatings on Ti and Ti alloys will presum- thermal expansion coefficient mismatch with Ti. 

ably be the same as that with the bulk glasses since 

no change in composition is detected after the coat- 4. CONCLUSIONS 

ing procedure. By contrast, attempts to fabricate 

useful coatings using the original Bioglass@ have 
In order to fabricate bioactive coatings on Ti- 

based implants a new family of potentially bioactive 
been marred by poor densification and adhesion glasses belonging to the SO*-Na*O-K20-CaO- 



PAZ0 et al.: SILICATE GLASS COATINGS ON IMPLANTS 2551 

20 30 40 50 60 
20 

Fig. 8. TF-XRD of the substrate surface after removal of 
an A-5 coating fired 1 min at 850°C. XRD detects the pre- 

sence of a thin Ti3Si5 layer. 

MgO-P205 system has been developed. It has been 

found that some glasses in the system present excel- 

lent bioactivity and that by controlling the proces- 

sing conditions (firing time, temperature and 

atmosphere) it is possible to fabricate coatings that 

show good adherence to Ti and Ti alloys. However, 

due to their low SiOz content, these glasses have a 

higher thermal expansion coefficient than is desir- 

able. This often results in cracking during the fabri- 

cation of thick coatings. Thin coatings neither crack 

nor delaminate and these compositions may actu- 

ally be useful as such. By tailoring the composition, 

it is possible to prepare glasses with lower c( that 

are equally adherent, potentially bioactive and can 

be used to fabricate coatings as thick as 150 pm. 

Fig. 10. Stereographic micrograph of a 1OOpm thick A-3 
glass coating on Ti&6All4V (fired 3 min at 800’C). 

Extensive cracking due to thermal stresses is observed. 

The presence of a small amount of TiOz in the 
glass yields a broader firing range and reduced reac- 
tivity. Despite the fact that this glass is not directly 
bioactive, it can be useful for composite or layered 
glass/HA coatings. 
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Fig. 9. SEM image of the metal surface after removing an A-6 coating fired 1 min at 850°C. Bits of 
glass are still present on the metal. The footprints correspond to areas where the interfacial silicide 

layer was removed with the glass. 
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